INTRODUCTION
Cells maintain energy homoeostasis by responding to changes in nutrient status [1] . Glucose is a fundamental nutrient, providing ATP for energy as well as carbon for biosynthesis [2] . Defects in glucose sensing and metabolism can lead to the development of insulin resistance and Type 2 diabetes [3] . Furthermore, a common feature of tumour cells is a higher dependence on aerobic glycolysis for their energy needs rather than a dependence on OXPHOS (oxidative phosphorylation) [4] . Given these pleiotropic roles for glucose in energy homoeostasis, tight regulation of glucose metabolism is absolutely required for normal cell physiology.
The MondoA transcription factor is a master regulator of glucose-responsive transcription [5] . MondoA is a member of the bHLHZip (basic helix-loop-helix leucine zipper) transcription factor family and forms heterodimeric complexes with another bHLHZip protein, Mlx [6] . MondoA-Mlx complexes reside at the OMM (outer mitochondrial membrane) and shuttle between the OMM and the nucleus when glucose levels are low [7] . MondoA-Mlx complexes accumulate in the nucleus and bind to ChoREs (carbohydrate-response elements) in the promoters of target genes in response to increased glycolytic flux [5] . G6P (glucose 6-phosphate), promotes MondoA transcriptional activity by regulating nuclear accumulation, promoter occupancy and coactivator recruitment [8] .
Our previous studies identified TXNIP (thioredoxin-interacting protein) as a direct and glucose-responsive target of MondoAMlx complexes [5, 8, 9] . TXNIP binds to thioredoxin and inhibits its disulfide reductase activity, regulating the cellular redox state [10] . However, TXNIP plays a broader multifunctional role by regulating diverse cellular phenomenon [11] . One such role is as a critical regulator of glucose metabolism by negatively regulating glucose uptake [12, 13] . TXNIP expression is robustly induced by glucose through a ChoRE in its promoter [14] . MondoA binds directly to the ChoRE in the Txnip promoter following glucose stimulation and TXNIP expression is reduced or virtually eliminated by knockdown of MondoA or genetic deletion [5, 8, 9, 15, 16] . ARRDC4 (arrestin domain-containing protein 4), a TXNIP paralogue, is also glucose-induced and a direct target of MondoA [5, 8] . The function of ARRDC4 remains unclear, but, like TXNIP, it inhibits glucose uptake [13] . Consistent with the roles of TXNIP and ARRDC4 as negative regulators of glucose uptake and MondoA target genes, MondoA knockdown or knockout results in increased glucose uptake [5, 8, 9, 16] . Therefore MondoA-Mlx complexes drive feedback inhibition of glucose uptake by activating target gene expression when G6P levels are excessively high. Thus MondoA functions as a glucose sensor and triggers an adaptive transcriptional response to high glycolytic flux.
AMPK (AMP-activated protein kinase) is a sensor of intracellular bioenergetics. AMPK is activated by low bioenergetic charge, such as high AMP levels, and activates numerous catabolic pathways to restore energy homoeostasis [17] . AICAR (5-amino-4-imidazolecarboxamide ribofuranoside) is commonly used to activate AMPK. AICAR is an adenosine Abbreviations used: ADK, adenosine kinase; AICAR, 5-amino-4-imidazolecarboxamide ribofuranoside; AMPK, AMP-activated protein kinase; ARRDC4, arrestin domain-containing protein 4; ATIC, AICAR formyltransferase/IMP cyclohydrolase; BAPTA/AM, 1,2-bis-(o-aminophenoxy)ethane-N,N,N ,N -tetraacetic acid tetrakis(acetoxymethyl ester); bHLHZip, basic helix-loop-helix leucine zipper; ChIP, chromatin immunoprecipitation; ChoRE, carbohydrateresponse element; DMEM, Dulbecco's modified Eagle's medium; DP, dipyridamole; ECAR, extracellular acidification rate; FBS, fetal bovine serum; G6P, glucose 6-phosphate; KO, knockout; MEF, mouse embryonic fibroblast; NBTI, nitrobenzylthioinosine; OMM, outer mitochondrial membrane; OXPHOS, oxidative phosphorylation; qPCR, quantitative real-time PCR; siRNA, small interfering RNA; TXNIP, thioredoxin-interacting protein; WT, wild-type; ZMP, 5-amino-4-imidazolecarboxamide ribonucleotide. 1 To whom correspondence should be addressed (email Don.Ayer@hci.utah.edu).
analogue that is phosphorylated by ADK (adenosine kinase) to yield ZMP (5-amino-4-imidazolecarboxamide ribonucleotide; AICAR monophosphate). ZMP activates AMPK by mimicking the effects of AMP on AMPK and the upstream AMPK kinase LKB1/STK11 (serine/threonine kinase) [18] . AICAR also has anti-inflammatory, pro-apoptotic and pro-differentiation effects that are AMPK-independent. For example, AICAR suppresses LPS (lipopolysaccharide)-induced inflammation in macrophages by inhibiting the production of pro-inflammatory cytokines [19] [20] [21] . AICAR induces apoptosis by activating caspases and cytochrome c release in T-lymphoblasts [22, 23] and facilitates apoptosis induced by TRAIL [TNF (tumour-necrosis-factor)-related apoptosis-inducing ligand] in breast cancer cells [24] . AICAR induces neural stem cell differentiation through the JAK (Janus kinase)/STAT3 (signal transducer and activator of transcription 3) pathway [25] . In each of these examples, AICAR functions independently of AMPK; however, we have little understanding of alternative AICAR effectors. Given the opposing roles of AMPK and MondoA in cellular adaptation to intracellular bioenergetic charge, we investigated whether AICAR affected MondoA transcriptional activity. In the present study we show that TXNIP expression is induced by AICAR. The AICAR effect is dependent on MondoA and glucose, but surprisingly is independent of AMPK. Instead, AICAR-dependent stimulation of TXNIP requires its contribution to the intracellular adenine nucleotide pool and is phenocopied by processing of adenosine into adenine nucleotides. Collectively, the present study reveals one mechanism by which AICAR can influence gene expression independent of AMPK and that MondoA regulates target gene expression by sensing intracellular adenine nucleotides.
MATERIALS AND METHODS

Chemicals
AICAR was from Toronto Research Chemicals. 5-Iodotubercidin was from Santa Cruz Biotechnology. Other reagents were from Sigma.
Cell culture
AMPKα
+ / + and AMPKα [26] . WT (wild-type) and MondoA-KO (knockout) MEFs were generated as described previously [8] . MondoA-KO MEFs were rescued by expressing human MondoA using a retroviral expression system [8] . MEFs and HeLa cells were grown in DMEM (Dulbecco's modified Eagle's medium) with 4.5 g/l glucose, 4 mM glutamine and 2 mM sodium pyruvate (HyClone), supplemented with 0.5 % penicillin/streptomycin (Invitrogen) and 10 % FBS (fetal bovine serum; HyClone). For glucosedepletion experiments, cells were grown overnight in glucose-free DMEM with glutamine (Invitrogen), supplemented with antibiotics, 10 % FBS and 2 mM sodium pyruvate (Invitrogen). The concentrations of glucose indicated in the Figures were added back to the cultures overnight. All cells were maintained at 37
• C in 5% CO 2 .
Immunoblots
Primary antibodies were used at a dilution of 1:500 for anti-MondoA [7] For expression analysis, 2.5×10 5 cells were incubated overnight on 60 mm dishes, and then treated for 6 h with the reagents indicated in the Figures. Total RNA was extracted using the RNeasy Mini Kit (Qiagen), and cDNA was synthesized from 2 μg of total RNA using the SuperScript III RT system (Invitrogen). qPCR analysis was performed as described previously [5] . Primer sequences are available on request from the corresponding author.
Promoter activity assay
Luciferase reporter assays were performed as described previously [27] following 0.5 mM AICAR treatment for 6 h after overnight transfection.
ChIP (chromatin immunoprecipitation)
ChIP assays were performed as described previously [8] with cells treated with 0.5 mM AICAR for 6 h. Whole-cell lysates were immunoprecipitated with an antibody against MondoA [7] . Co-immunoprecitated DNA was quantified by qPCR with primers specific for the mouse Txnip E-box or the Arrdc4 promoter and normalized to an off-target region. Primer sequences are available on request from the corresponding author.
Gene silencing
For depletion of ADK or ATIC, Silencer ® Select Negative Control No. 2 siRNA (small interfering RNA; Ambion) as a non-specific control, and mouse ADK or ATIC siRNA (Ambion) were transfected into AMPKα + / + and AMPKα
MEFs using Lipofectamine TM RNAiMAX (Invitrogen) according to the manufacturer's protocol. The ADK siRNA sequences were 5 -GCAUUGGGAUAGAUAAGUUTT-3 and 5 -AACUUAUCUAUCCCAAUGCAT-3 , and the ATIC siRNA sequences were 5 -CCAAUGCGAUUGAUCAGUATT-3 and 5 -UACUGAUCAAUCGCAUUGGAG-3 .
Measurement of the ECAR (extracellular acidification rate)
The ECAR of cells were measured using the XF24 Extracellular Flux Analyzer (Seahorse Bioscience). Cells (4×10 4 ) were incubated overnight on XF24 cell culture microplates (Seahorse Bioscience), and then growth medium was changed for 500 μl of non-buffered DMEM containing 25 mM glucose and 2 mM glutamine (Sigma). Cells were incubated in a CO 2 -free incubator at 37
• C for 1 h before loading into the XF24 Analyzer. XF assays were performed by repeating mix (2 min), wait (2 min) and measure (3 min) cycles to determine the ECAR every 7 min. The sequential cycles were continued for 6 h after injection of the compounds indicated.
Analysis of intracellular ATP levels
Quantitative detection of intracellular ATP was performed using the ATP Bioluminescence Assay Kit CLS II (Roche Applied 
mM AICAR. (D) The ECAR of AMPKα
+ / + MEFs was measured for 6 h following injection of 0.5 mM AICAR, 0.2 mM adenosine or 5 mM metformin. ECARs were normalized to total protein and data presented as the percentage of the final value (6 h) to initial value (0 h) (n = 5; **P < 0.01 and ****P < 0.0001).
Science) and the GloMax-Multi Detection System (Promega). Cells (1.0×10 5 ) were incubated overnight on six-well plates, and then treated with 0.5 mM AICAR for the times indicated in the Figures. After removal of culture media, cells were lysed and ATP levels were measured according to the manufacturer's protocol.
Statistical methods
Data represent the mean + − S.E.M. for five biological replicates for ECAR and for three biological replicates for other methods. P values were calculated by two-sided Student's t tests for two-sampled comparisons. For the experiment examining Txnip mRNA levels in AMPKα + / + and AMPKα − / − MEFs, two-way ANOVA models with interaction were fit to log-transformed data.
RESULTS
AICAR up-regulates TXNIP expression in an AMPK-independent manner
To investigate the effects of AICAR on TXNIP expression, MEFs were treated with various concentrations of AICAR (0-1 mM) for 6 h. Since AICAR is an AMPK activator, we determined AMPK-dependence by examining its effects in AMPKα + / + and AMPKα − / − MEFs [26] . TXNIP expression was induced by AICAR treatment at 0.2-0.5 mM in AMPKα + / + MEFs, and this induction was also observed in AMPKα − / − cells ( Figure 1A ). These low concentrations of AICAR did not change the level of AMPK phosphorylated on Thr 172 [17] , suggesting they were not sufficient to activate AMPK. AICAR treatment at 0.5 mM resulted in a similar increase in Txnip mRNA in both cell types, even though Txnip mRNA levels in AMPKα − / − were generally slightly lower than in AMPKα + / + MEFs ( Figure 1B ). This latter finding may explain the generally reduced TXNIP protein levels in AMPKα − / − cells ( Figure 1A ). Therefore low levels of AICAR stimulate TXNIP transcription independent of AMPK activation.
In contrast with low-dose AICAR, TXNIP protein levels were reduced by treatment with 1 mM AICAR, which is sufficient to activate AMPK ( Figure 1A ). This effect was blunted in AMPKα − / − MEFs, indicating an AMPK-dependent decrease in TXNIP. Thus the response of TXNIP to AICAR is biphasic: low levels of AICAR induce TXNIP expression in an AMPKindependent manner and high levels of AICAR block TXNIP accumulation in an AMPK-dependent manner. Consistent with a second regulatory phase, potent activation of AMPK with metformin, which activates AMPK via inhibition of mitochondrial complex I, also blocked TXNIP expression ( Figure 1C ).
TXNIP is a negative regulator of glucose metabolism [12, 13] . Therefore we examined whether AICAR affected glycolysis by measuring the ECAR. AICAR (at 0.5 mM) decreased the ECAR ( Figure 1D ), suggesting that AICAR-mediated induction of TXNIP suppressed glycolysis. In contrast, metformin suppressed TXNIP expression and increased the ECAR ( Figure 1D ). AICAR also induced TXNIP in HeLa cells at concentrations insufficient to stimulate AMPK activity ( Figure 1E ). These findings show that AICAR induction of TXNIP is not restricted to MEFs and suggest that some aspect(s) of AICAR metabolism, rather than AMPK activation, drives TXNIP expression and restrains glycolysis. In the present study we investigated the AMPK-independent effects of AICAR. In all subsequent experiments, 0.5 mM AICAR was used.
AICAR induces TXNIP expression by enhancing MondoA transcriptional activity
Our previous work demonstrated that MondoA regulates TXNIP expression directly in response to increased glucose levels [5, 8, 9, 16] . Consistent with these findings, AICAR only induced (A and C) Levels of the proteins indicated were determined by Western blotting analysis. In (A), MEFs were grown overnight in medium containing the indicated concentrations of glucose followed by 0.5 mM AICAR treatment for 6 h. In (C), WT or MondoA-KO MEFs and MondoA-KO MEFs complemented with stable transduction of human MondoA were treated with 0.5 mM AICAR for 6 h. (B and E) Txnip (B) or Arrdc4 (E) mRNA levels were determined by qPCR and normalized to Actb (β-actin) expression following 0.5 mM AICAR treatment for 6 h. Results are the fold change relative to the mRNA level in untreated WT cells. (D) Txnip promoter activity was examined using a luciferase reporter assay following 6 h of AICAR treatment. (F) Occupancy of MondoA at the Txnip and Arrdc4 promoters was determined by ChIP in MEFs treated with 0.5 mM AICAR for 6 h (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001.
TXNIP expression robustly when the glucose concentration was more than 5 mM (Figure 2A ). Thus glucose is required for the AICAR-mediated induction of TXNIP.
To determine whether MondoA was required for AICAR to stimulate TXNIP expression, we used MondoA-KO MEFs lacking exons 12 through 15 of the Mondoa gene [8] . Deletion of these exons removes the bHLHZip domain of MondoA and abrogates the transcriptional activity of MondoA [8] . Compared with WT MEFs, TXNIP mRNA and protein were no longer inducible by AICAR in MondoA-KO MEFs (Figures 2B and 2C ). Stable transduction of human MondoA cDNA into the MondoA-KO MEFs restored basal TXNIP expression and AICARmediated TXNIP induction ( Figure 2C) . Additionally, the activity of a Txnip promoter-luciferase reporter was induced by AICAR treatment in WT cells, but not in MondoA-KO cells ( Figure 2D ). The expression of another known MondoA target, Arrdc4, was also induced by AICAR treatment in WT cells, but not in MondoA-KO cells ( Figure 2E ), indicating that the AICAR effect on MondoA is not restricted to TXNIP. To test whether AICAR regulated MondoA transcriptional activity directly, we examined AICAR-mediated effects on MondoA occupancy on the Txnip and Arrdc4 promoters. MondoA binding to the Txnip and Arrdc4 promoters was increased by AICAR treatment ( Figure 2F ). These data suggest that AICAR induces TXNIP and ARRDC4 expression by enhancing MondoA promoter occupancy and potentially other steps in transcriptional activation.
AICAR metabolism is required for induction of TXNIP expression
In CHO (Chinese-hamster ovary) cells AICAR, at concentrations similar to those used in the present study, stimulates purine biosynthesis by being metabolized to IMP [28] . IMP enters the purine nucleotide pool [28] ; therefore AICAR can be incorporated to the late steps of de novo purine biosynthesis by metabolic flux through IMP ( Figure 3A) . Consistent with previous studies [28, 29] , intracellular ATP levels increased more than 2-fold following 2 h of AICAR treatment and continued to increase over time ( Figure 3B ). Thus AICAR contributes to the purine nucleotide pool in MEFs, raising the possibility that AICARderived purine nucleotides are involved in the TXNIP induction. To determine whether AICAR-derived metabolites induced TXNIP, the metabolic processing of AICAR was disrupted at different steps ( Figure 3A) . We first examined whether AICAR-mediated TXNIP induction depended on AICAR uptake and its phosphorylation to ZMP. Two adenosine transporter inhibitors, NBTI (nitrobenzylthioinosine) and DP (dipyridamole) impaired the AICAR-dependent induction of TXNIP mRNA and protein ( Figures 3C and 3D) . 5-Iodotubercidin, an inhibitor of ADK, which phosphorylates AICAR to ZMP, also suppressed AICAR-mediated induction of TXNIP mRNA and protein ( Figures 3E and 3F ). AICAR induction of TXNIP expression was also reduced by transient knockdown of ADK using siRNA ( Figure 3G ). These data show that uptake and phosphorylation of AICAR to ZMP are required for its induction of TXNIP transcription.
We next examined whether AICAR-mediated TXNIP induction required the conversion of ZMP into IMP, which is the next step in the AICAR metabolic pathway (Figure 3A) , by transient knockdown of ATIC using siRNA. ATIC expression levels were reduced significantly 24 h post-transfection of siRNA in AMPKα + / + and AMPKα − / − MEFs ( Figure 4A ). ATIC siRNA suppressed the AICAR-dependent induction of TXNIP mRNA and protein in AMPKα + / + cells ( Figure 4A and 4B respectively). ATIC deficiency leads to ZMP accumulation in cells following AICAR treatment [30] , resulting in AMPK activation. Consistent with the accumulation of ZMP, AICAR treatment of ATICknockdown cells increased p-AMPK and dramatically reduced p-S6 levels ( Figure 4A ). This suggests that knockdown of ATIC blocked the conversion of ZMP into IMP allowing ZMP to accumulate to levels sufficient to activate AMPK. To exclude Figures 4A and 4B respectively) . Thus the high ectopic levels of ZMP and AMPK activation resulting from knockdown of ATIC do not block TXNIP expression. Rather, these data suggest that the conversion of AICAR into IMP is necessary for induction of TXNIP.
IMP can be hydrolysed to inosine or it can flow into purine nucleotide synthetic pathways, resulting in an increase in ATP and GTP levels [28] . A previous report showed that in HeLa cells a number of adenosine-containing molecules stimulate TXNIP transcription, requiring intracellular Ca 2 + as a second messenger [31] . We wondered whether AICAR, via entry into purine nucleotide biosynthetic pathways, could induce TXNIP through a similar Ca 2 + -dependent mechanism. We determined whether intracellular Ca 2 + was required for AICAR to induce TXNIP by using the cell-permeable Ca 2 + chelator BAPTA/AM [1,2-bis-(o-aminophenoxy)ethane-N,N,N ,N -tetraacetic acid tetrakis(acetoxymethyl ester)]. In MEFs, BAPTA/AM did not impair induction of TXNIP mRNA or protein by AICAR, adenosine or ATP ( Figures 5A and 5B) , suggesting that intracellular Ca 2 + is not required for their induction of TXNIP. In HeLa cells, BAPTA/AM suppressed TXNIP induction by ATP, as reported previously [31] , and also suppressed induction by AICAR and adenosine ( Figure 5C ). We conclude that AICAR, adenosine and ATP can activate TXNIP expression in MEFs by a Ca 2 + -independent mechanism that is distinct from the previously described [31] Ca 2 + -dependent mechanism in HeLa cells.
AICAR stimulates TXNIP expression through its metabolism to adenine nucleotides
Because AICAR induced TXNIP independently of Ca 2 + , we next investigated which IMP-derived metabolite affects MondoA activity by treating control and ATIC-knockdown cells with inosine, guanosine and adenosine. Inosine elevated TXNIP expression, but not to the same level as AICAR ( Figure 6A ), probably due to conversion of inosine into IMP ( Figure 3A) . Furthermore, inosine did not induce TXNIP levels in ATICknockdown cells (Figure 6A ), suggesting that flux of endogenous nucleotides into IMP was required for the modest effect of inosine on TXNIP induction. These data suggest that AICAR flux into inosine is not the primary mechanism by which AICAR affects MondoA activity.
To test whether AICAR-mediated filling of the purine nucleotide pool accounted for TXNIP induction, we determined whether guanosine or adenosine could drive TXNIP induction. Guanosine did not induce TXNIP expression in control and ATIC-knockdown cells ( Figure 6B ), suggesting that guanosine metabolism does not contribute to AICAR induction. By contrast, adenosine stimulated TXNIP expression to levels similar to those observed with AICAR treatment. Unlike inosine and guanosine, adenosine drove high TXNIP expression in ATIC-knockdown cells ( Figure 6C ). The ECAR was reduced by adenosine treatment (Figure 1D ), which is consistent with high expression of TXNIP. Furthermore, an adenosine transporter inhibitor, DP, suppressed adenosine induction of TXNIP ( Figure 6D ). Thus adenosine entry into cells, rather than activation of adenosine receptors [32] , is required for its stimulation of TXNIP expression. We conclude that intracellular adenosine metabolites are essential for TXNIP induction.
Finally, we examined whether the phosphorylation of adenosine, which generates adenine nucleotides, was necessary for induction of TXNIP expression and whether its effect was transcriptional. Similar to its effect on AICAR-mediated TXNIP induction ( Figures 3F and 3G) , the ADK inhibitor 5-iodotubercidin or knockdown of ADK restrained adenosinemediated induction of TXNIP mRNA and protein ( Figures 7A,  7B and 3G ). 5-Iodotubercidin was less effective at reducing the adenosine-dependent induction of TXNIP in control cells than in ATIC-knockdown cells. This finding may reflect the fact that endogenous IMP can contribute to the purine nucleotide pool in control, but not in ATIC-knockdown, cells. Therefore adenine nucleotides rather than adenosine itself drive the transcriptional induction of TXNIP.
DISCUSSION
MondoA-Mlx complexes are required for approximately 75 % of glucose-dependent transcription [5, 8] , suggesting an important function in nutrient and bioenergetic homoeostasis. Mechanistically, G6P drives the nuclear accumulation, promoter binding and transcriptional activity of MondoA-Mlx complexes [8] . Through their activation of TXNIP and ARRDC4, MondoAMlx complexes drive a negative-feedback circuit that further restricts glucose uptake. By dissecting an AICAR-dependent, but AMPK-independent, induction of TXNIP and ARRCD4, we discovered that MondoA-Mlx complexes also respond to adenine nucleotides. We confirmed this model by demonstrating that adenosine could also induce TXNIP expression by a mechanism that required cellular entry and conversion into adenine nucleotides by ADK. In contrast with a previous report in HeLa cells [31] , the effects of adenosine on TXNIP expression in MEFs are Ca 2 + -independent. At concentrations of AICAR sufficient to activate AMPK, TXNIP expression was down-regulated in a manner that requires AMPK activation. This is consistent with findings of others showing that AMPK activation can down-regulate the transcriptional function of the MondoA paralogue ChREBP (ChoRE-binding protein), at the pyruvate kinase promoter in liver cells and at the Txnip promoter in pancreatic β-cells [33, 34] . Furthermore, the Cantley laboratory showed recently that TXNIP can be phosphorylated by AMPK, which targets it for degradation [35] . TXNIP degradation adds to the panoply of mechanisms engaged following AMPK activation to restore homoeostasis in response to low bioenergetic charge. Conceptually, we propose that activation of the MondoA-TXNIP axis is similar to activation of AMPK in that its activation triggers an adaptive programme that allows restoration of metabolic/bioenergetic homoeostasis. However, in contrast with AMPK activation in response to a low bioenergetic charge, our data suggest that MondoA-Mlx complexes sense a high metabolic/bioenergetic state and restrict glucose uptake via the up-regulation of TXNIP and ARRDC4. A restriction of glucose uptake reduces glycolytic flux and flux of glucose-derived carbons into biosynthetic pathways' restoring of metabolic/bioenergetic homoeostasis.
The conversion of AICAR into ZMP activates AMPK, and many of its effects on cell physiology can be attributed to this regulatory circuit [18] . However, several reports suggest that AICAR can also affect a variety of cellular processes independent of AMPK activation. In some cases AICARmediated effects require its conversion into ZMP [36] , whereas in other cases this metabolism is not required [19, 20, 22, 23] . Most closely related to the present study is the finding in hepatocytes that AICAR, through its conversion into adenine nucleotides, activates the PPARα (peroxisome-proliferatoractivated receptor α) target genes Acox1 (acyl-CoA oxidase 1), Acadm (acyl-CoA dehydrogenase, medium chain), Cpt1a (carnitine palmitoyltransferase 1a) and Fabp1 (fatty acid-binding protein 1) [36] . It will be interesting to determine whether adenine nucleotides affected the expression of other MondoA transcriptional targets or whether their effects were restricted to TXNIP and ARRDC4. If so, in addition to its well-characterized effects mediated by AMPK activation [18] , AICAR may have broad effects on gene expression by modulating MondoA transcriptional activity.
Several experiments support the hypothesis that MondoAregulated transcription of the TXNIP gene requires adenine nucleotides rather than adenosine. First, a previous study showed that at concentrations similar to those used in the present study, AICAR treatment led to the maximum increase in the purine nucleotide pool [28] . Consistent with this, we observed an increase in ATP levels following AICAR treatment. Secondly, blocking AICAR metabolism at several steps before its entry into the purine nucleotide pool suppressed TXNIP induction. Thirdly, the blockade of AICAR metabolism by knockdown of ATIC could be rescued by the addition of adenosine, but not by the addition of guanosine or inosine. Finally, the effect of adenosine on TXNIP expression was blocked by inhibition of adenosine transport or ADK, suggesting that its stimulation of TXNIP expression requires cellular entry and modification to adenine nucleotides. Therefore we propose that MondoA activates TXNIP expression in response to the level of intracellular adenine nucleotides, which can be derived from AICAR or adenosine. Given the intraconversion of AMP, ADP and ATP in vivo [37] , we do not yet know which adenine nucleotide is sensed by MondoA.
A previous report indicated that adenosine-containing molecules, e.g. NAD + , NAD, FAD and cAMP, activate TXNIP transcription [31] . In HeLa cells, the cell-permeable Ca 2 + chelator BAPTA/AM blocks TXNIP transcriptional activation in response to ATP, NADH and NAD + , implying that adenosine-containing molecules trigger mobilization of Ca 2 + stores to stimulate MondoA-Mlx transcriptional activity. In contrast, in our MEF system, BAPTA/AM increased basal TXNIP expression and did not affect TXNIP expression induced by AICAR, adenosine or ATP. We observed the same effects of BAPTA/AM on TXNIP induction in HeLa cells as reported previously [31] . Our studies in MEFs suggest that adenine nucleotides themselves, and not Ca 2 + mobilization, stimulate MondoA transcriptional activity at the Txnip promoter. Thus MondoA can activate TXNIP expression by Ca 2 + -dependent (HeLa) and independent (MEFs) mechanisms. Similar to our findings in MEFs, TXNIP is also induced by AICAR in a human pancreatic cancer cell line, BxPC3, independent of AMPK activation and Ca 2 + (M.R. Kaadige and D.E. Ayer, unpublished work). In contrast, we observed no TXNIP induction by AICAR in immortal diploid human fibroblasts (M.R. Kaadige and D.E. Ayer, unpublished work). Thus the Ca 2 + -independent induction of TXNIP by low-dose AICAR is not restricted to mouse cells or fibroblasts. Finally, in our experiments ( Figure 5 ) and in those from the Luo group [31] , BAPTA/AM treatment increased basal TXNIP mRNA and protein levels. Thus a more general Ca 2 + -dependent repression mechanism may also control TXNIP expression under basal growth conditions. Alternatively, reduction in intracellular Ca 2 + by BAPTA/AM may be sensed as a cellular stress and induce TXNIP by an indirect mechanism. Additional experiments are required to elucidate the determinants of Ca 2 + -dependent and -independent TXNIP induction in response to adenosine-containing molecules and how Ca 2 + controls TXNIP expression under basal growth conditions. Several mechanisms may explain how adenine nucleotides can activate TXNIP gene expression. First, G6P is essential for MondoA transcriptional activity [5, 8] . Glucose and ATP are required to generate G6P and glucose is required for AICAR to stimulate TXNIP expression. In the present study, AICAR ( Figure 3B ) or adenosine (results not shown) increased intracellular ATP levels. Thus it is conceivable that intracellular ATP levels help determine the levels of G6P. Supporting this model is the finding that increasing ATP levels stimulate the enzymatic activity of hexokinase, which catalyses conversion of glucose into G6P [38] . Secondly, ATP levels are linked to mitochondrial membrane potential [39] , raising the possibility that the regulation by MondoA of TXNIP expression may be tied to mitochondrial function. Supporting this hypothesis, we observed that metformin and oligomycin, which inhibit the mitochondrial electron transport chain, restrained AICAR or adenosine from inducing TXNIP expression and decreased intracellular ATP levels (results not shown). Furthermore, a previous study reported that OXPHOS inhibitors downregulate TXNIP expression [40] , and we observed a reduction in TXNIP expression in rho
• cells which lack mitochondrial DNA and cannot perform OXPHOS (M.R. Kaadige and D.E. Ayer, unpublished work). Finally, high intracellular ATP levels decrease glycolytic rate by allosteric inhibition of PFK-1 (phosphofructokinase-1), one of the important regulatory enzymes of glycolysis [41, 42] . Reduction of glycolysis could lead to G6P accumulation and trigger MondoA transcriptional activity.
Further experiments are needed to determine the precise molecular mechanism(s) by which MondoA responds to adenine nucleotides. Nonetheless the present study indicates that MondoA, by sensing G6P and adenine nucleotides, allows cells to adapt to a high metabolic or bioenergetic state. However, the transcriptional activity of MondoA at the TXNIP promoter is under the control of a number of other metabolites, e.g. α-oxoglutarate [9] , lactate and protons [43] . We suggest a broad role for MondoA in sensing and integrating information about the changing concentrations of cellular metabolites, ultimately driving adaptive transcriptional responses to maintain metabolic homoeostasis.
